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CyanobacteriumThe luminescence spectrum of singlet oxygen produced upon excitation at 674 nm in the photochemically
active photosystem II (PS II) complexes isolated from cyanobacterium Synechocystis sp. PCC 6803 containing
different types of chlorophyll, i.e., monovinyl (wild-type) or divinyl (genetically modiﬁed) chlorophyll a. The
yield of singlet oxygen, estimated using methylene blue as the standard, from the divinyl–chlorophyll PS II
complex was more than ﬁve times greater than that from the monovinyl–chlorophyll PS II complex. These
results are consistent with the observed difference in the sensitivity towards high intensity of light between
the two cyanobacterial strains. The yield of singlet oxygen appeared to increase with the level of triplet chlo-
rophyll, in the divinyl–chlorophyll PS II complex. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
During photosynthesis, the photons that drive the photochemical
reactions can also induce damage within the organism; this damage
results in the phenomenon known as photoinhibition [1–8]. The gen-
eral consensus is that photosystem II (PS II) is the main target of light
stress in oxygenic photosynthetic organisms, leading to the impair-
ment of electron transport and irreversible damage to the reaction
center subunits, particularly the so-called D1 protein [1,9]. Several
mechanisms of photoinhibition have been proposed to date [4,6,
reviewed in 10–12]. A donor-side mechanism has been proposed for
PS II in which the Mn4CaO5 cluster is already inactivated. In this
case, oxidative damage to the electron donor side is caused by a
strong oxidant, namely, P680+ [13,14]. This strong oxidant damagesmono-vinyl; PS, photosystem;
hesis Research for Sustainability:
lty of Science, TokyoUniversity
, Japan. Tel.:+81 3 5228 8719;
rights reserved.the D1 protein. Recently, a newmechanism called the Mnmechanism
[6,15] or the two-step mechanism [5,16] has been proposed. These
ideas are consistent with the fact that the maximum photodamage
to PS II under sunlight has been shown to be associated less with
the amount of light absorbed by photosynthesis pigments [17]. In
the acceptor side photoinhibition, strong illumination stabilizes the
anions of secondary electron acceptors (QA−) and then induces the
double reduction of QA, leading to the release of plastoquinone from
the binding site [18]. In the absence of QA, the triplet state of the ac-
cessory chlorophyll (Chl) a of the D1 protein (ChlD1) is generated
through the charge recombination of the primary electron donor
and the primary electron acceptor [18,19].
Singlet oxygen (1O2) is formed through the spin exchange reac-
tion between the triplet state of Chl (ChlD1) and molecular oxygen
[19,20]. The triplet state can also be formed through the charge re-
combination of S2,3QB− or S2QA− induced by the exposure to low light
or ﬂash illumination [21,22]. This mechanism is referred to as the
low-light mechanism of photoinhibition and may explain why photo-
damage to PS II occurs even under weak illumination. Singlet oxygen
was produced not only ChlD1 but also by isolated light-harvesting
complexes [23]. Isolated light-harvesting complexes could not trans-
fer energy to the reaction center; thus, the triplet of Chl was formed in
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age to PS II has been a subject of controversy. The exposure of isolated
thylakoid membranes or isolated PS II complexes to exogenous sin-
glet oxygen results in speciﬁc cleavage of the D1 protein [24,25]. Re-
cently, a tocopherol-deﬁcient mutant revealed that the damage repair
cycle was affected by singlet oxygen [10,26,27].
The effects of light stress depend on the species of Chl that is in-
volved. Previously, Ito and co-workers introduced an extrinsic Chl
species (divinyl [DV] Chl a) into the cyanobacterium, Synechocystis
sp. PCC 6803 (referred to as Synechocystis), by blocking a speciﬁc en-
zyme (3,8-divinyl protochlorophyllide a 8-vinyl reductase (DVR))
that is required for Chl biosynthesis [28]. Therefore, all of the Chl
and pheophytin molecules were converted into DV-type pigments
in this mutant. Compared with the wild-type (WT) species, which
contains monovinyl (MV) Chl a, the mutant exhibited light-sensitive
characteristics; that is, the mutant cells were bleached within 1 day
under strong white light, whereas the WT cells showed no evidence
of photobleaching [28]. This photobleaching was also observed in
the DVR mutant of Arabidopsis [29]. The DVR mutant can grow
under low-light conditions but rapidly photobleached under high-
light conditions. This difference in photobleaching characteristics
was conﬁrmed after isolation of the PS II complexes from Synechocys-
tis [30]. Our previous study also revealed the degradation of the D1
protein, thereby leading to the hypothesis that singlet oxygen may
be responsible for this photobleaching effect [30].
There are several reports on the detection of singlet oxygen in pho-
tosynthesis. Over the past decade, singlet oxygen has been detected
using spin-trapping ESR measurements [31–33]. However, the detec-
tion of singlet oxygen using luminescence is a much more useful
method than spin-trapping analysis because luminescence reveals the
lifetime of the singlet oxygen. There have been numerous reports re-
garding the luminescence of singlet oxygen in the biological ﬁeld
[reviewed in 34]. Reports on luminescence decay analyses of singlet ox-
ygen in PS II have also been published in the past several years [35–38].
Only one report showed the spectrum of singlet oxygen after excitation
in the cytochrome b6/f complex in photosynthesis [39]. This indicates
that it is difﬁcult to monitor the spectrum of singlet oxygen in photo-
synthetic organisms or isolated complexes, owing to the low yields
and short lifetime of singlet oxygen. Therefore, we attempted to con-
struct a system capable of detecting the luminescence spectrum in the
infra-red region of singlet oxygen from PS II complex. We were able to
measure the signals successfully using puriﬁed Chl species dissolved
in acetone. The yield of singlet oxygen production by DV-Chl a in ace-
tonewas approximately 20% higher than that byMV-Chl a [40]; howev-
er, it is not clear whether this effect was responsible for the observed
differences in the photobleaching of the two types of cells.
Many hypothetical mechanisms have been proposed to explain
the photodamage to PS II, and some of them suggest that singlet oxy-
gen is involved in the photodamage process. Therefore, in this study,
we directly measured the yield of singlet oxygen from isolated PS II
complexes and we focused on the photoinhibition mechanism of sin-
glet oxygen in isolated PS II complexes.
We report a higher production of singlet oxygen by charge recombi-
nation in PS II complexes from cells with DV-Chl in Synechocystis. This
represents the ﬁrst spectrumof singlet oxygen in active PS II complexes.
2. Materials and methods
2.1. Mutant construction
Synechocystis sp. PCC 6803 was engineered to express a 6× His-tag
at the C-terminus of a 47-kDa chlorophyll–protein (CP47, PsbB); this
strain was used as a control. Divinyl Chl a-containing Synechocystis
was obtained by knocking out the genes encoding 3,8-divinyl proto-
chlorophyllide a 8-vinyl reductase (slr1923) after the construction
of the control cells [28]. To inactivate the putative 8-vinyl reductasegene of Synechocystis sp. PCC6803, the slr1923 gene was ampliﬁed.
Then, the PCR product was cloned into the pGEM T-easy vector (Pro-
mega). The kanamycin resistance gene from Escherichia coli was
inserted into the SmaI site that is present in the inserted DNA frag-
ment. After that, the transformation of Synechocystis sp. PCC6803
was carried out according to methods described previously [41].
2.2. Isolation of PS II complexes
The PS II complexes were isolated from the control and mutant
cells using a His-tag that was introduced at the C-terminus of CP47
[42]. Brieﬂy, cells were suspended in buffer [50 mMMes-NaOH buffer
(pH 6.0) containing 10 mMMgCl2, 5 mM CaCl2, and 25% (w/v) glycer-
ol] and broken using glass beads. The thylakoid membranes were re-
covered by preparative centrifugation (2000 ×g for 5 min at 277 K)
followed by centrifugation (40,000 ×g for 20 min at 277 K) and resus-
pended in the same buffer with a Chl concentration of 1 mg mL−1. PS
II complexes were solubilized from thylakoid membranes with 0.8%
dodecyl β-D-maltoside (DM) for 20 min at 277 K in the dark and
then puriﬁed by Ni2+ afﬁnity column chromatography (ProBond
resin, Invitrogen). The puriﬁed PS II complexes were concentrated
and dissolved in the buffer [50 mM Mes-NaOH buffer (pH 6.0) con-
taining 10 mM MgCl2, 5 mM CaCl2, 25% (w/v) glycerol, and 0.04%
DM]. The dimer complexes were separated by ultracentrifugation at
180,000 ×g for 16 h at 277 K in a 5% to 20% linear density gradient
of sucrose.
2.3. Measurements of singlet oxygen
The measurements of singlet oxygen were carried out, as de-
scribed previously [40]. The luminescence from singlet oxygen was
measured using an apparatus based on a commercially available in-
strument that was modiﬁed for our high-sensitivity detection method
(NIR-PII System, Hamamatsu Photonics K.K., Hamamatsu, Japan). The
oxygen concentration was equilibrated with air. The excitation pulse
was obtained using an optical parametric oscillator (OPO) (L5996,
Hamamatsu Photonics K.K., Hamamatsu, Japan) that was excited by
a Nd:YAG laser (Surelite I-20, Continuum, CA, USA) at 674 nm (Qy
peak of isolated PS II complex). The pulse width and intensity were
approximately 7 ns and 300 μJ/pulse, respectively, and the repetition
rate was 20 Hz. The luminescence of singlet oxygen was monitored
using an infrared-gated image intensiﬁer (NIR-PII, Hamamatsu Pho-
tonics K.K., Hamamatsu, Japan) after passage through a polychroma-
tor (MS257, Oriel Instruments, CT, USA). We began measuring at
1 μs (for the D2O buffer) or 0.5 μs (for the H2O buffer) after the appli-
cation of the excitation pulse, and the exposure time was 400 μs (for
the D2O buffer) or 50 μs (for the H2O buffer). The signals were accu-
mulated by repeated detection (1000 times). The calibration of the
wavelength was performed using a spectral calibration lamp (Kryp-
ton type, Oriel Instruments, CT, USA).
The decay curves for singlet oxygen were monitored using the ap-
paratus described above. The light source was an OPO (L5996, Hama-
matsu Photonics K.K., Hamamatsu, Japan) combined with an Nd:YAG
laser (Surelite I-20, Continuum, CA, USA). The excitation wavelength
was 674 nm. The pulse width and intensity were approximately
7 ns and 300 μJ/pulse, respectively, and the repetition rate was
20 Hz. The luminescence was detected using a photomultiplier
(R5509-42, Hamamatsu Photonics K.K., Hamamatsu, Japan) com-
bined with a monochromator (MS257, Oriel Instruments, CT, USA).
The data were stored in a multichannel scaler (SR430, Stanford Re-
search Systems, CA, USA), and the decay curves were simulated
using two components. The rate constants and pre-exponential
factors were calculated numerically using IGOR PRO software
(WaveMetrics, OR, USA). All of the measurements were performed
at 295 K. The absorption spectra were measured before and after
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samples.
2.4. Photobleaching experiments
The absorption spectra and pigment photobleaching were moni-
tored using a DU800 spectrophotometer (Beckman). For actinic
light, white light was provided from a slide projector with heat- and
UV-absorbing ﬁlters (HA-50, Toshiba, Japan), and the spectral differ-
ences in the 350–750 nm region were monitored. The intensity of ac-
tinic light was 1000 μmol photons m−2 s−1.
2.5. Degradation of the D1 proteins
The degradation of the D1 proteins was monitored via gel electro-
phoresis of the component proteins. After illumination with white
light over a speciﬁc time period (i.e., from 0 min to 60 min at
1000 μmol photons m−2 s−1), aliquots were sampled, and Western-
blot analysis was performed. For immunological assays, the proteins
separated by SDS–polyacrylamide gel electrophoresis were trans-
ferred onto a polyvinylidene ﬂuoride (PVDF) membrane, and exposed
to an antibody raised against the C-terminus of the D1 protein (Agri-
sera, Sweden) [43]. Horseradish peroxidase (HRP)-conjugated anti-
chicken IgY was used as a secondary antibody. Chemiluminescent de-
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Fig. 1. Absorption spectra and photosensitivity of the PS II complexes.(A) Absorption spec
Synechocystis sp. PCC 6803. (B) Bleaching of Chl a in the PS II complexes in response to stro
2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 min of illumination at 1000 μmol photons m−2 s−1 at
anti-D1 antibody raised against the C-terminal domain. The PS II complexes were illumina
II. (Cb) DV-PS II.Reagents (GE Healthcare, UK) and an imaging system with a Fluor-S
MultiImager (Bio-Rad, Hercules, CA). The peak area corresponding
to each band was quantiﬁed using ImageJ (National Institutes of
Health, http://rsb.info.nih.gov/ij/). It was veriﬁed that the assay pro-
vided a linear response over the range of 0.1–1.6 μg of Chl/lane of
the control sample.
2.6. Fluorescence decay analysis
The ﬂuorescence decay curves were measured using time-
correlated single-photon counting methods [44]. The ﬂuorescence
lifetime was estimated using a convolution calculation [44].
3. Results and discussion
3.1. Subunit composition and oxygen evolving activity
In this study, PS II complexes were isolated from the control and
mutant cells using Ni2+ afﬁnity chromatography and using sucrose
density ultra-centrifugation. Contamination with proteases, either
soluble or loosely bound to thylakoids, seems unlikely in this prepara-
tion. The protein included in each complex was D1, D2, CP47, CP43,
PsbE, extrinsic proteins, and small subunits. The oxygen-evolving ac-
tivity of isolated PS II complexes was 2200 μmol of O2 (mg of
Chl)−1 h−1 for WT and mutant complexes.400 450 500 550 600 650 700 750
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Fig. 2. Luminescence spectra of singlet oxygen in the MV-PS II (blue line) and DV-
PS II (red line) complexes in H2O buffer. The gray line represents the luminescence
spectrum of MV-PS II in the presence of azide. (Inset: Luminescence spectra of sin-
glet oxygen in D2O buffer in the MV-PS II complex (blue line) and the DV-PS II
complex (red line).)
Table 1
Singlet oxygen yield and lifetime analysis in H2O buffer.
Life-time
Sample 1O2 yield τ1 (μs) τ2 (μs) Oxygen$
MV-PS II 0.0125±0.0037 (1.0) 2.56 4.80 Air
DV-PS II 0.0675±0.0173 (5.4) 2.35 4.53 Air
MV-PS II 0.0215±0.0084 (1.0) 1.42 4.32 Saturated
DV-PS II 0.0643±0.0172 (3.0) 1.46 3.94 Saturated
$ The oxygen-saturated conditions were generated by bubbling oxygen into the
sample buffers for 20 min. The relative yields of singlet oxygen are shown in parenthe-
ses using MV-PS II as the standard.
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We previously reported that DV-Chl cells exhibit a rapid bleaching
response to high-intensity light, although the reasons for this phe-
nomenon have remained unclear. This effect has been observed in
Synechocystis [28] and Arabidopsis [29]. In this study, we investigated
this phenomenon by observing pigment bleaching and by monitoring
the degradation of proteins of the PS II complex because PS II is the
main target of light stress in oxygenic photosynthetic organisms.
Fig. 1A shows the absorption spectra of the isolated PS II complexes
from cells with MV-Chl (MV-PS II) and with DV-Chl (DV-PS II). At
298 K, the Qy bands of the two samples were located at an identical
wavelength (i.e., 674.0 nm). However, the Soret bands of the DV-PS
II complex were red-shifted by 5.8 nm relative to those of the MV-
PS II complex. The light-induced bleaching of the absorption spectra
is illustrated in Fig. 1B. We estimated the bleaching rate using the mo-
lecular coefﬁcients of MV-Chl a and DV-Chl a [45]. The calculated
bleaching rate of DV-PS II was 30% to 60% faster than that of MV-PS
II within 20 min of irradiation. The difference shape of Soret region
between Fig. 1Ba and Bb was due to the red-shift of DV-Chl.
Next, we examined the degradation of the D1 protein via
Western-blot analysis (Fig. 1C). Upon white-light illumination with
1000 μmol photons m−2 s−1, the degradation of the D1 proteins pro-
ceeded continuously. The amounts of the D1 protein decreased over
time, and the reaction proceeded much faster in DV-PS II complexes
than in MV-PS II complexes (Fig. 1C). The D1 protein degradation
showed a 40% to 80% faster rate in DV-PSII complexes. A number of
studies of D1 degradation have been performed in vitro, and it was
demonstrated that D1 protein degradation occurs in isolated PS II
membranes, PS II core complexes, and PS II reaction center complexes
[2,25,46]. The exposure of isolated PS II core complexes to exogenous
singlet oxygen also enhanced the speciﬁc cleavage of the D1 protein
[25]. Protease inhibitors did not suppress the degradation of the D1
protein in isolated PS II complexes [25]. In this study, isolated PS II
was prepared by an extensive washing procedure involving column
chromatography followed by separation with sucrose density ultra-
centrifugation. Thus, cleavage reaction originating from contamina-
tion with ATP-dependent protease (e.g., FtsH) is not likely to occur
in the PS II preparation. Thus, the cleavage of the D1 protein observed
in this study must be dependent on singlet oxygen. However, we did
not entirely exclude the possibility of contamination with other ATP-
independent protease.
We also observed the photobleaching and the degradation of the
D1 protein in cells in the presence of lincomycin (Fig. S1, supporting
information). The data also showed that rapid bleaching and degrada-
tion occurred in DV-cells. These observations suggest that higher sus-
ceptibility to photobleaching in the mutant is not due to suppression
of the repair of photodamaged PS II. However, there has been a debate
over the reasons for the photobleaching and degradation of PS II in
cells. Thus, we focused on the effect of singlet oxygen in isolated PS
II complexes.
3.3. Luminescence from singlet oxygen
The luminescence spectra of singlet oxygen (in H2O), which were
obtained from two different PS II complexes (MV-PS II or DV-PS II)
and normalized to the same concentration of Chl, are shown in
Fig. 2. The maximum of luminescence was located at 1270 nm, and
this maximum was blue-shifted by 5 nm in the isolated Chl species
in acetone solution [40]. The strength of the excitation pulse laser
was 300 μJ/pulse, and the repetition rate was 20 Hz. The area of the
excitation pulse was approximately 7 mm2, and the excitation inten-
sity was lower in this type of experiment. In the case of isolated light-
harvesting complexes, the excitation energy could not be transferred
to the reaction center; thus, the triplet form of Chl formed in the com-
plex. However, the triplet form of Chl is not likely formed in theisolated PS II complexes. Because the energy transfer from the antenna
to the reaction center was normal in our isolated PS II complexes as
reported in the previous study using time resolved ﬂuorescence [30].
Thus, due to the low excitation and rapid energy transfer, singlet oxy-
gen only originates from charge recombination under the conditions
of our study. Tocopherol and azide are good scavengers of singlet ox-
ygen. The tocopherol effect in cells treated with photoirradiation
was reported by Inoue and co-authors [26]. A spectrum obtained in
the presence of azide is shown in Fig. 2. It clearly shows that azide
was able to scavenge singlet oxygen generated in the isolated PS II
complexes completely.
The intensity of singlet oxygen was higher for the DV-PS II com-
plex than for the MV-PS II complex. There have been several reports
of the decay analysis of the luminescence of singlet oxygen in isolated
PS II [35–38]. However, the spectrum of singlet oxygen could not be
measured in H2O previously. To our knowledge, this is the ﬁrst dem-
onstration of the spectrum of singlet oxygen from functional PS II
complexes using our improved measuring system. It is well known
that the luminescence of singlet oxygen is higher in D2O than in
H2O, and this difference was observed in our experiments (Fig. 2,
inset). However, because photosynthetic organisms live in H2O, our
experiments were performed in this solvent.
The luminescence intensity was dependent on the concentration
of the samples, and we estimated the yield of singlet oxygen by divid-
ing the luminescence intensity of its spectrum by the absorbed quan-
ta (Table 1). The number of absorbed quanta was based on the
adjusted excitation intensity calculated from the percent absorption
at the excitation wavelength. We used the yield of singlet oxygen
with methylene blue as the standard (1.00). Methylene blue is com-
monly used as standard in this type of experiments. We used this
standard to evaluate the yield of the actual samples. The yield of
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the detergent concentration, and the buffer composition (data not
shown). Thus, we assumed the yield of singlet oxygen with methy-
lene blue to be 1.00 under our measured conditions. We obtained
highly reproducible yields of singlet oxygen for many of the measure-
ments. The relative yield for the DV-PS II complex in H2O was more
than ﬁve times greater than that of the MV-PS II complex (0.0675
vs. 0.0125) and was sensitive to the oxygen saturation level of the
sample buffers. In equilibrium with air, the yield of the MV-PS II com-
plex was less than that under oxygen-saturated conditions. However,
the yield of the DV-PS II complex was higher, irrespective of the oxy-
gen levels in the buffers, but this difference was not signiﬁcant.
3.4. Decay kinetics of luminescence
Fig. 3 shows the decay in the luminescence of singlet oxygen in
H2O. After excitation, an initial spike followed by a “bump” was ob-
served in the kinetics. These decay curves include the decay signal
from the triplet Chl from the samples, which manifests as an intense
spike at the beginning of the signal. The luminescence from singlet
oxygen was quenched by adding sodium azide. Therefore, corrections
for the non-quenched component were made by the addition of sodi-
um azide crystals (>20 mM) to each sample immediately after mea-
suring the initial singlet oxygen signal. The kinetic analysis was
performed after a 0.5-μs of excitation pulses (Table 1). The observed
decay curves were ﬁtted using the following function [47]:
I tð Þ ¼ A τ1
τ2−τ1ð Þ
exp
−t
τ2
 
− exp −t
τ1
  
where I(t) represents the singlet oxygen luminescence intensity at
time t after the excitation pulse; τ1 is the decay time of singlet oxy-
gen; τ2 is the decay time of the Chl triplet, that is, the energy transfer
time required for triplet oxygen (3O2); and A is the amplitude of the
exponential decay. The DV-PS II complex had a higher intensity,
which was consistent with the yield from this sample. At the same
oxygen level, these two kinetic parameters were similar for the two
samples; approximately 4.0 μs was required for the decay of the Chl
triplet state and 1.5–2.5 μs for the decay of singlet oxygen. We previ-
ously reported that in acetone solutions, τ1 and τ2 were 50 μs and
200 ns, respectively, and that the decay curves were notably simple[40]. In contrast, the PS II complexes showed complicated kinetics,
possibly due to such factors as the differences in charge recombina-
tion, diffusion within the buffer, and reaction between the triplet
state and oxygen, all of which are speciﬁc to biological materials.
The kinetics of the decay signal from the triplet Chl (ChlD1 or P680)
and the formation of singlet oxygen were also measured in the
near-infrared region by Telfer et al. [37]. They showed that there
was a direct correlation between the decay signal from the triplet
Chl and the luminescence rise kinetics of singlet oxygen in D2O. The
rise kinetics of singlet oxygen in D2O correspond to the decay kinetics
in H2O in general [47]. The lifetime of τ1 (H2O) in this study was sim-
ilar to the value of their rise kinetics [37]. The lifetime of singlet oxy-
gen in D2O (Table S1, supporting information) was also similar to that
in their report [37]. Therefore, we concluded that singlet oxygen orig-
inates from charge recombination under the conditions of this study.
3.5. Decay kinetics of ﬂuorescence
It is well known that one of the types of photoinhibition is induced
via the formation of a singlet oxygen in response to the triplet state of
ChlD1 or the triplet state of a special pair (PD1 and PD2) through the
charge recombination of a primary electron donor and a primary elec-
tron acceptor [2,48]. Our previous analysis also showed that the gen-
erated site of singlet oxygen is the ChlD1 molecule [30]. However,
uncoupled Chl may also produce singlet oxygen [49]. Thus, we ana-
lyzed the ﬂuorescence decay curve at 77 K (Fig. 4) to estimate the
amount of uncoupled Chl in the PS II complexes because a lifetime
corresponding to an uncoupled pigment can detect the component
of 5–8 ns for Chl a region [50,51].
The lifetimes (and amplitudes) of the ﬂuorescence components at
685 nm in the MV-PS II complex were 125 ps (57.9%), 475 ps (30.5%),
1.4 ns (10.2%), 4.5 ns (1.3%), and 22 ns (0.2%). This ﬁnding was con-
sistent with that of our previous study [52]. However, the lifetimes
(and amplitudes) of the ﬂuorescence components at 685 nm in the
DV-PS II complex were 100 ps (66.5%), 437 ps (28.2%), 1.5 ns (4.6%),
5.3 ns (0.5%), and 27 ns (0.1%).
Judging from the lifetime analysis, the amplitudes of the
uncoupled component were 1.3% and 0.5% in MV-PS II and DV-PS II,
respectively. The antenna size of the PS II has been reported to be
35 Chl molecules in the monomeric complex by crystallographic anal-
ysis [53–55]. Therefore, the numbers of calculated, uncoupled Chl per
PS II were less than 0.46 and 0.18 in MV-PS II and DV-PS II, respective-
ly. The amount of uncoupled Chl in the MV-PS II complex was 2.6
1304 T. Tomo et al. / Biochimica et Biophysica Acta 1817 (2012) 1299–1305times greater than that in the DV-PS II complex. However, the amount
of singlet oxygen in the DV-PS II complex was ﬁve times greater than
that observed in the MV-PS II complex. Hence, the higher amount of
singlet oxygen in the DV-PS II complex does not originate from
uncoupled Chl.
In native PS II, the triplet Chl is quenched by β-carotene [56–58].
In this study, we genetically modiﬁed the type of Chl, but the number
of β-carotene molecules and the characteristics of its ﬂuorescence did
not differ between in the MV- and DV-PS II complexes [30]. The dif-
ferences in the yield of singlet oxygen reﬂected that of the triplet
Chl between the MV- and DV-PS II complexes.
In conclusion, we have detected the luminescence spectra of sin-
glet oxygen from photosynthetically functional PS II complexes and
clearly demonstrated differences in the yields; these differences in
the yield are consistent with the physiological observation that DV-
Chl a is light-sensitive. The function of the pigments is largely deter-
mined by the electronic states, and these states are modiﬁed by inter-
actions with protein moieties. The directions of the ethyl and vinyl
groups of the C8 sidechains differed in MV- and DV-Chl a. Therefore,
steric hindrance was expected to occur in DV-PS II [30]. As a result,
the replacement of pigments may alter the interactions with pre-
existing proteins. In terms of species differentiation or the survival
of a new species, a small difference in the survival ratio of speciﬁc or-
ganisms will produce differences in their success after a certain num-
ber of generations.
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